We report a theoretical study on the rotational spectra of Ar-D 2 32 S. The intermolecular potential energy surface was transformed from our latest ab initio three-dimensional potential of Ar-H 2 32 S. The rotational energy levels and wavefunctions of the complex were calculated by using the radial discrete variable representation/angular finite basis representation method and the Lanczos algorithm. The calculated rotational transition frequencies and structural parameters were found to be in good agreement with the available experimental values.
I. INTRODUCTION
Van der Waals (vdW) complexes between rare-gas (Rg) atoms and nonlinear H 2 X (X=O, S) molecules have attracted considerable attention [1−7] . As an analogs of water, hydrogen sulfide (H 2 S) is an interesting weak bonding partner, because sulfur itself is a key element in the spectroscopy of giant planets [8] . On the other hand, the studies of vdW complexes containing H 2 S can be used to explore the differences in the H 2 O analogs in terms of configuration and intermolecular dynamics [9] . Our theoretical study of the Ar-D 2 S vdW complex was initiated by the observation of an unusual deuterium isotope effect in the microwave study of Ar-H 2 S, Ar-D 2 S, and Ar-HDS by Gutowsky et al. [10] .
The spectroscopy of the weakly bound vdW complexes can provide useful information on the geometries and intermolecular dynamics of these molecules. However, only a few number of experimental information has been available for the Rg-H 2 S complexes and mainly focused on the Ar-H 2 S and Ne-H 2 S complexes. The microwave spectra of Ar-H 2 S and its isotopomers were reported by Viswanathan and Dyke [11] , Bumgarner et al. [12] , and Gutowsky et al. [10] . The rotational transitions were assigned, and the structural parameters and internal dynamics were also discussed. As discussed by Gutowsky et al. [10] , as the deuterium substitution of H 2 S, D 2 S led to an unusual increase in the rotational constant of the lower state of Ar-H 2 S, not the usual decrease as for the case of Ar-H 2 O [10, 13] .
Later in 2002, Liu and Jager reported the rotational spectra and internal dynamics for fifteen isotopomers of Ne-H 2 S [14] . All the experimental studies revealed that these Rg-H 2 S complexes are characterized by a planar equilibrium structure.
Theoretical studies on the rotational spectra of the vdW complexes could be employed to check the quality of the ab initio potential energy surfaces (PES) and provide complete description of the spectra. In our previous work, we have constructed an intermolecular potential energy surface (IPES) for the Ar-H 2 S complex at CCSD(T) level with aug-cc-pVQZ basis set plus bond functions, and predicted the rotational bound states of this complex [15] . The calculated rotational transition frequencies and structural parameters of Ar-H 2 S were in good agreement with the available experimental results.
In this work, we provide detailed information on the dynamics including the rotational energy levels, rotational transition frequencies, and structural parameters for Ar-D 2 32 S. The calculated rotational transition frequencies and structural parameters were compared with the available experimental values.
II. COMPUTATIONAL DETAILS
The geometry of the Ar-D 2 S complex is defined by the Jacobi coordinates: R, θ, and ϕ, as shown in Fig.1 . R is the intermolecular distance between the D 2 S center of mass and the argon atom, θ is the angle between the vector R and the C 2 axis of the D 2 S monomer, and the dihedral angle ϕ denotes the out-of-plane rotation of the Ar atom related to the plane of D 2 S. Based on the potential points for Ar-H 2 32 S of our previous work [15] , we obtained the PES of Ar-D 2 32 S by transforming the center of mass coordinates from Ar-D 2 32 S to Ar-H 2 32 S. The intermolecular Hamiltonian of the Ar-D 2 S com-FIG. 1 Jacobi coordinates for the Ar-D2S complex. R is the distance between the center of mass of D2S and the Ar atom, θ denotes the angle between the vector R and C2 axis of D2S, and ϕ is the out of plane angle of the Ar atom rotating around the plane of D2S. The reference frame is chosen at ϕ=0
• when the four atoms are coplanar and θ=0
• when Ar lies on the C2 axis.
plex in the Jacobi coordinates can be written as (h=1),
where µ is the reduced mass of the Ar-D 2 S complex. J and j are the angular momentum operators corresponding to overall and the D 2 S monomer rotations, respectively. V is the intermolecular potential energy of the complex. The D 2 S monomer Hamiltonian H monomer is chosen as a standard Watson A-reduced Hamiltonian including the effects of the quadric centrifugal distortions [4, 16] ,
here the rotational constants (A, B, and C) and the quadric centrifugal distortion coefficients (∆ j , ∆ k , ∆ jk , δ j , and δ k ) for D 2 S were taken from the experimental data [17] . The intermolecular stretching mode for the R coordinate is represented by sine DVR [18] . For the angular part, we used the parity-adapted rotational basis function Θ
JM Kε jk
in the following form [4] ,
where ε is the space-inversion parity, M is the projection of the total angular momentum J on the z-axis of space-fixed frame, K is the projection of both J and [19, 20] was employed to diagonalize the Hamiltonian matrix to produce the energy levels and eigenfunctions.
III. ROTATIONAL BOUND STATES AND TRANSITION FREQUENCIES
The rotational energy levels for the Ar-D 2 S complex were calculated by the radial DVR/angular FBR method [21−23] and Lanczos algorithm [19, 24] . In our calculations, we used 80 sine DVR grid points for the R coordinate ranging from 4.5 a 0 to 22.0 a 0 . For the angular coordinates, we applied n θ ×n ϕ =24×24 DVR grid points and 12 basis functions for θ. The calculated energy levels were found to be converged to 0.001 cm −1 or better. The rotational bound states of Ar-D 2 S are assigned by the notation "nK(j kakc )" following the scheme proposed by Hutson [25] and Cohen et al. [16, 26] . n denotes the intermolecular stretching mode (typically we omit it when n=0). K is the projection of J on the z-axis of BF frame, and states with K=0, 1, 2, . . . are labeled by the Greek capital letters Σ, Π, ∆, . . ., and j kakc describes the rotational states of the D 2 S monomer. The rotational wavefunctions of the D 2 S monomer conserve its symmetry relative to the BF z-axis, so the parity constraint is given by (−1) 32 S complex is larger than that for the Ar-H 2 32 S complex, the same as the experimental results [10] .
The rotational transition frequencies for the Σ(0 00 ) and Σ(1 01 ) states of the Ar-D 2 32 S complex were calculated and compared with the available experimental results [10−12] . The calculated results are given in Table II together with the avaiable experimental values. It is apparent that our calculated transition frequencies are in good accordance with the observed values with the deviations within 0.01 cm −1 . Good agreement between the calculated and observed rotational transition frequencies demonstrates the high quality of our potential.
IV. STRUCTURE CHARACTERISTICS
The theoretical averaged structural parametersR,θ, andφ were determined from the ground state wavefunctions of the complex with the following equations [4, 27] ,
The calculated average structures for the Σ(0 00 ) and Σ(1 01 ) states of Ar-D 2 32 S are listed in Table III together with the experimental estimated values [10, 12] . It is shown that the calculated values ofR andθ are in good accordance with the experimental values. The average intermolecular distanceR for the ground rovibrational state Σ(0 00 ) is about 0.24Å longer than its equilibrium value (3.979Å versus 3.742Å), considerably deviated from the global minimum structure of the potential, which demonstrates the large amplitude zero-point motion within the complex.R for the ground state Σ(0 00 ) of Ar-D 2 32 S is 3.979Å, which is a little shorter than that of Ar-H 2 32 S (4.092Å) [15] , the same tendency of isotopic shift as the experimental results [10] .
It is interesting that the value ofR for the ground state Σ(0 00 ) is a little longer than that for the first excited state Σ(1 01 ), similar to the case of Ar-H 2 32 S [15] and Ar-H 2 O [26] . In order to better understand the dynamic behavior of Ar-D 2 32 S on the two bound states as a function R, we plot the effective radial potentials in Fig.2 and the reduced one-dimensional probability densities in Fig.3 . The effective radial potentials, which are obtained by averaging the potential over the angular coordinates θ and ϕ with the ground rovibrational wavefunctions, can manifest the effects of the anisotropy in the potential. As shown in Fig.2 , the well depth on the effective radial potential energy curve for the Σ(1 01 ) state is about 2.56 cm −1 deeper than the Σ(0 00 ) state, and the value of R at the maximal probability density for the Σ(1 01 ) state is a little shorter than that for the Σ(0 00 ) state (Fig.3(a) ). As a result, the Σ(1 01 ) state is less destabilized with higher barrier height and distributed closer to the global minimum, and it is reasonable that the calculated value ofR for the Σ(0 00 ) state is longer than that for the Σ (1 [31] . The properties of the probability densities can also help to understand the relevant dynamic information of the complex. The reduced one-dimensional probability densities along two angular coordinates θ and ϕ are presented in Fig.3 . As can be seen from Fig.3(b) , the distribution of θ for the Σ(0 00 ) state is more dispersive, while the distribution for the Σ(1 01 ) state is significant around the global minimum. This shows that the amplitude of internal rotational motion of the D 2 S monomer in the ground Σ(0 00 ) state is lager than that in the Σ(1 01 ) state, so that the calculated value ofθ for the Σ(1 01 ) state is closer to the structure of global minimum than that for the Σ(0 00 ) state. On the other hand, Fig.3(c) illustrates that the out-of-plane rotation becomes more difficult for the Σ(1 01 ) state than that for the Σ(0 00 ) state, and the D 2 S subunit is more restricted near the global minimum for the Σ(1 01 ) state than for the Σ(0 00 ) state. This indicates that the internal rotation of D 2 S for the Σ(0 00 ) state is more free than that for the Σ(1 01 ) state. Therefore, the first excited state Σ(1 01 ) deviates more from free rotation limit of D 2 S monomer than the ground Σ(0 00 ) state. All these dynamic properties are similar to that for the Ar-H 2 S complex in our previous work [15] .
V. CONCLUSION
We have presented the theoretical study for the rotational spectra of Ar-D 2 32 S. The intermolecular potential energy surface was transformed from our latest ab initio three-dimensional potential of Ar-H 2 32 S. The bound rotational energy levels of the Ar-D 2 S complex were obtained by employing the radial DVR/angular FBR method and Lanczos algorithm. The calculated rotational transition frequencies and structural parameters are in reasonable agreement with the available experimental values. 
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